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in ρ0 electroproduction within a Regge approach
N.I. Kochelev∗
Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Moscow region, 141980 Russia†
K. Lipka‡ and W.-D. Nowak§
DESY Zeuthen, 15738 Zeuthen, Germany
V. Vento¶
Departament de F´ısica Teo`rica and Institut de F´ısica Corpuscular,
Universitat de Vale`ncia-CSIC E-46100, Burjassot (Valencia), Spain
A.V. Vinnikov∗∗
Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Moscow region, 141980 Russia††
(Dated: November 1, 2018)
The proton, neutron and deuteron structure functions F2(x,Q
2) and g1(x,Q
2), measured at inter-
mediate Q2, are analyzed within a Regge approach. This analysis serves to fix the parameters of this
scheme which are then used to calculate, in a unified Regge approach, the properties of ρ0 meson
electroproduction on the proton and the deuteron. In this way, the double-spin asymmetry observed
at HERMES in ρ0 electroproduction on the proton, can be related to the anomalous behavior of
the flavor-singlet part of the spin-dependent structure function g1(x,Q
2) at small x.
PACS numbers: 12.40.Nn, 13.60.Le, 13.75.Cs, 13.88.+e
I. INTRODUCTION
Understanding the spin structure of the nucleon is to-
day one of the main problems in hadron physics. Polar-
ized beams have allowed significant progress in the mea-
surement of the nucleon spin-dependent structure func-
tions in the Deep Inelastic Scattering (DIS) regime. A
result of some of these measurements [1] is that, at small
values of Bjørken x, the neutron spin-dependent struc-
ture function gn1 (x,Q
2), which according to the SU(6)W
model is dominated by the flavor singlet quark sea part,
exhibits an anomalous behavior. More precisely, at
x → 0, gn1 (x,Q2) ∼ 1/x, while the expected behavior
should be 1/xαa1 , where a1 is a conventional Regge tra-
jectory with appropriate quantum numbers and intercept
αa1 = −0.5 ÷ 0.5. Experimental data are thus well de-
scribed in terms of a leading trajectory with an intercept
close to 1, a value reminiscent of the Pomeron. In fact,
this type of behavior at small x was predicted by lead-
ing order perturbative QCD calculations [2]. However,
since next-to-leading order corrections to the perturba-
tive BFKL Pomeron [3] are large [4], it is not clear to
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which extent the perturbative description is valid.
In Ref. [5], the observed anomalous behavior of
gn1 (x,Q
2), was assumed to signal the existence of a flavor-
singlet exchange with large intercept and negative sig-
nature, which was then used to explain the experimen-
tal data on diffractive hadronic reactions: vector me-
son photoproduction at
√
s ≈ 100 GeV, |t|=1÷10 GeV2
and proton-proton elastic scattering at
√
s=20÷ 60 GeV,
|t|=2÷10 GeV2 [5, 6]. This exchange gives sizeable con-
tributions to the differential cross-sections at large en-
ergy due to the large value of its intercept. We called it
f1 since its quantum numbers coincide with those of the
axial vector f1(1285) meson (P=C=+1, negative signa-
ture). The mechanism leading to this exchange in QCD
is not known. The relation of the Pomeron with the scale
anomaly, led us to conjecture a relation between the f1
and the gluonic axial anomaly, since the f1 strongly mixes
with gluonic degrees of freedom [5].
In order to investigate this unnatural-parity exchange
the best observables are spin-dependent cross-sections.
For example, we already have shown that the f1 ex-
change leads to large double-spin asymmetries in different
diffractive reactions [5, 7, 8].
For s-channel helicity conserving (SCHC) reactions it
seems reasonable, in the context of the VMD model, to
establish a relation between the matrix elements describ-
ing the structure functions and vector meson electropro-
duction at low −t, as indicated in Fig. 1. This relation
arises naturally in the context of the Regge approach [9],
where the imaginary part of the forward Compton scat-
tering amplitude, relevant to describe DIS structure func-
tions, and the total amplitude for vector meson produc-
tion at −t→ 0 are connected.
2The Regge model is a well known approach to describe
diffractive reactions with small momentum transfer and
high energy, a kinematic region where non-perturbative
QCD effects are important. For this reason the investi-
gation of diffraction and structure functions at low x are
important items included into the experimental programs
of the current and future accelerators: HERA, TEVA-
TRON, RHIC, LHC, etc. These studies are expected to
considerably enlarge the insight into the nature of strong
interactions between quarks at large distances [10]. Sev-
eral scenarios for the direct relation between the complex
structure of the QCD vacuum and Regge behavior have
been suggested [11, 12, 13].
The effective propagator for the spin-nonflip amplitude
for scattering of two particles with momenta p1 and p2
has the following form in Regge theory:
DR(s, t) = − 1
sin
(
παR(t)
)
Γ
(
αR(t)
)( s
s0
)αR(t)−1 ×
×
[
1 + σRcos
(
παR(t)
)− ı · σRsin(παR(t))
]
, (1)
where s = (p1 + p2)
2, t = (p1 − p2)2, s0 is
max(p21, p
2
2, p
′2
1 , p
′2
2 ), αR(t) describes the Regge trajectory
of the particles exchanged in the t channel and σR their
signature, related to the spin J by σ = (−1)J . The Γ
function in the denominator provides the correct ana-
lytic behavior of the amplitude [14]. In many cases, a
simpler formula can be used [15], but we prefer the orig-
inal form in order to keep a precise relation between the
real and the imaginary parts of the amplitude. This rela-
tion will be used below to establish a connection between
the properties of the DIS structure functions and those
of vector meson electroproduction off the nucleon as sug-
gested above.
Reggeons, with signature and space parities of the
same sign, σ = P (natural parity), have an amplitude
which does not depend on the helicities of the colliding
particles. Their exchange gives the dominant contribu-
tions to the spin-independent nucleon structure functions
and to the total cross-sections. Exchanges with unnat-
ural parity, σ = −P , have an amplitude which is pro-
portional to the product of the particle helicities. Thus,
only Reggeons with unnatural parities can contribute to
the spin-dependent structure function g1(x,Q
2). Fur-
thermore, a longitudinal double-spin asymmetry in two-
particle scattering only arises when an unnatural-parity-
exchange contribution to the scattering amplitude exists.
The main goal of this paper is an analysis of the deep-
inelastic structure functions F2(x,Q
2) and g1(x,Q
2)
in the framework of the Regge model; the extracted
Reggeon parameters will be used to calculate the elas-
tic cross-section, and finally the double-spin asymmetry,
of ρ0 electroproduction for intermediate values of Q2.
The Regge scheme will be defined by the exchange of
trajectories with very large intercepts (Pomeron and the
‘anomalous’ component of f1) and of secondary Regge
trajectories, namely f2, a2, the ‘normal’ component of
f1 (which will be called f
′
1) and a1. Especially the con-
tributions of secondary Reggeons are considered to be of
importance at HERMES energies,
√
s = 7 GeV.
II. THE STRUCTURE FUNCTION F2(x,Q
2) IN A
REGGE APPROACH AT INTERMEDIATE
VALUES OF Q2
The parameters of the natural-parity Reggeons in
soft interactions (Q2 < 1 GeV2) are quite well known.
They can be obtained from fits to the total hadronic
cross-sections [16]. In particular, the parameters of the
Pomeron, f2 and a2 Reggeon trajectories which are rel-
evant for our calculation, are given by the Particle Data
Group [17]:
αP (t) = 1.093 + 0.25 t, βPqq = βPNN/3 = 1.6 GeV
−1,
αf2(t) = 0.358 + 0.9 t, βf2qq = βf2NN/3 = 4.7 GeV
−1,
αa2(t) = 0.545 + 0.9 t, βa2qq = βa2NN = 4.9 GeV
−1,(2)
where βRNN and βRqq are the coupling constants for the
Reggeon-nucleon and Reggeon-quark couplings, respec-
tively. The effective Lorentz structure of the coupling
of these Reggeons to nucleons and quarks is assumed to
be γµ [18]. The values of the slopes of the trajectories,
which cannot be obtained from a fit to the total hadronic
cross-sections, are taken from Ref. [9]. The relation be-
tween the couplings to quarks and nucleons is obtained
from the naive constituent quark model. A clear sep-
aration of the secondary Reggeons and the Pomeron is
possible because the energy dependencies of their ampli-
tudes described by the intercepts α(0), σtotR ∼ sαR(0)−1
are very different. Specifically, the Pomeron contribution
to the total hadronic cross-section rises as s0.093, while,
for example, the f2 contribution falls as s
−0.642.
For large virtualities of the scattering particles, the
effective intercepts of the Pomeron and the Reggeons
change [19]. In particular, it was measured by the H1
and ZEUS Collaborations at HERA [20, 21] that the ef-
fective Pomeron intercept, extracted from the analysis of
the F2(x,Q
2) structure function, ranges from about 1.1
at Q2 ≈ 0 to about 1.4 at Q2 > 102 GeV2. Therefore,
to make predictions for HERMES (< Q2 >=1.7 GeV2),
knowledge of the Pomeron and Reggeons intercepts at
Q2 values of a few GeV2 is required.
The Regge formulae [22] for the proton and deuteron
structure functions used are
F p2 (x,Q
2) =
Q2
Q2 + µ2N
×
×
( AP
xαP (0)−1
+
Af2
xαf2 (0)−1
+
Aa2
xαa2 (0)−1
)
,
F d2 (x,Q
2) =
Q2
Q2 + µ2N
( AP
xαP (0)−1
+
Af2
xαf2 (0)−1
)
. (3)
The various structure functions appearing in these equa-
tions represent the SU(3)f flavor singlet (the Pomeron),
3the SU(2)f isoscalar (f2) and the isovector (a2) ex-
changes. The parameter µN effectively accounts for the
scaling violation at small Q2 for the natural parity ex-
changes. Using Eq. (3) we made a fit (not shown) to the
recent F2 data [23] at Q
2 = 1 ÷ 3 GeV2 and x . 0.1
(Regge region). The extracted parameters of Pomeron,
f2 and a2 Reggeons are
AP = 0.15± 0.02, αP (0) = 1.20± 0.01;
Af2 = 0.46± 0.05, αf2(0) = 0.61± 0.07;
Aa2 = 0.12± 0.11, αa2(0) = 0.36± 0.28;
µN = 0.80± 0.02 GeV. (4)
This fit provides a value of χ2 = 191.2 for 164 data points
(χ2/ndof=1.17). It is evident that already in the semi-
hard region (Q2-values of a few GeV2) modified Regge
intercepts have to be used. The slopes can be assumed
to remain unchanged as they seem to vary quite slowly in
this Q2 region [26]. Moreover, they have no strong effect
on the double-spin asymmetry.
III. THE SPIN-DEPENDENT STRUCTURE
FUNCTION g1(x,Q
2) IN A REGGE APPROACH.
Parameters for unnatural-parity Reggeons have been
extracted earlier using Regge-type phenomenological fits
to the spin-dependent structure function g1(x,Q
2) [24,
25]. In our approach not only effective intercepts of
Regge exchanges are determined, but also their couplings
with nucleons and quarks. These couplings are a neces-
sary input to the calculation of the double-spin asymme-
try in vector meson electroproduction (see below). We
use the relation between g1(x,Q
2) and the imaginary part
of the spin-dependent forward Compton scattering am-
plitude. By direct calculation (Fig. 1a) the contribution
of the unnatural-parity-Reggeon exchanges to this am-
plitude is obtained as:
T µν(q, p, S) = βRqqβRNNCRu¯(p, S)γαγ5u(p, S)×
×Rµνα 1− exp{−iπαR(0)}
sin{παR(0)}Γ
(
αR(0)
)(2p · q
s0
)αR(0)−1
, (5)
where we assume that all exchanges f1, f
′
1 and a1 have a
γαγ5 Lorenz structure for both the quark and the nucleon
vertices. The nucleon spin is denoted by S, and s0 ≈ Q2
is the characteristic scale in the process.
The factor CR is given by e
2
u + e
2
d + e
2
s for the SU(3)f
singlet ‘anomalous’ exchange (f1), by e
2
u + e
2
d for the
SU(2)f singlet ’normal’ exchange (f
′
1) and by e
2
u − e2d
for the SU(2)f triplet a1; R
µνα is given by Ref. [27]
Rµνα = −2
∫
d4k
(2π)4
1
(k2 −m2q)((k − q)2 −m2q)2
× (6)
Tr
[
(mq + kˆ + qˆ)γ
ν(mq + kˆ)γ
ν(mq + kˆ + qˆ)γ
αγ5
]
,
where mq is the mass of the quark in the quark loop in
Fig. 1.
Using the relation u¯(p, S)γαγ5u(p, S) = 2mSα, and the
formula
Rµνα =
1
2π2
qτ ǫ
τµνα, (7)
for −q2 >> m2q [28] we have
T µν(q, p, S) =
m
π2
CRβRqqβRNNSαqτ ǫ
τµνα × (8)
× 1− exp{−iπαR(0)}
sin{παR(0)}Γ
(
αR(0)
)(2p · q
Q2
)αR(0)−1
.
This expression is compared to the general form
T µν(spin) = ıǫ
µναβqαSβ
m
pq
T3 + (9)
+ ıǫµναβqα(Sβ(p · q)− pβ(S · q)) m
(p · q)2T4,
where the DIS structure functions g1 and g2 are related
to the amplitudes T3, T4 by
g1(q, ν) = −Im(T3)
2π
, g2(q, ν) = −Im(T4)
2π
, (10)
and where ν = p · q.
By assuming that the structure function g2 is small,
we obtain
g1(q, ν) =
νCRβRqqβRNN
2π3Γ
(
αR(0)
) ( ν
Q2
)αR(0)−1
·
(11)
Using x = Q2/2ν we have
g1(x,Q
2) =
CRβRqqβRNN
4π3Γ
(
αR(0)
) Q2
xαR(0)
. (12)
This form does not yet provide the correct scaling be-
havior for the structure function at Q2 → ∞ since the
non-locality of the Reggeon-quark vertex in Fig. 1a was
not taken into account. Phenomenologically, this can be
accomplished by introducing a form factor (as has been
done in the Pomeron case [29]):
F (Q2) =
µ2U
Q2 + µ2U
, (13)
where µU is the effective parameter describing the scaling
violation at low Q2 for the unnatural-parity Reggeons.
Then the contribution of a Reggeon to the g1(x,Q
2)
structure function reads
g1(x,Q
2) =
µ2UCRβRqqβRNN
4π3Γ
(
αR(0)
) Q2
Q2 + µ2U
1
xαR(0)
(14)
which provides the correct scaling behavior of the struc-
ture function at large Q2.
The parameters of the Reggeons with unnatural parity
can be found from a fit to the available data on polarized
DIS. Since data exist for proton, neutron and deuteron
4targets, this allows the separation of the isoscalar and
isovector parts of the respective structure functions
gp1(x,Q
2) = g
(1)
1 (x,Q
2) + g
(3)
1 (x,Q
2),
gn1 (x,Q
2) = g
(1)
1 (x,Q
2)− g(3)1 (x,Q2),
gd1(x,Q
2) = g
(1)
1 (x,Q
2), (15)
where g
(1)
1 (x,Q
2) and g
(3)
1 (x,Q
2) are the isoscalar and
isovector components, respectively.
It was pointed out [24] that the isoscalar part contains
two components: ‘normal’ and ‘anomalous’. The ‘nor-
mal’ component has an intercept of α(0) ≈ 0.5 while the
‘anomalous’ has a large intercept, α(0) close to 1. Us-
ing Eq. (14), the structure functions in Eq. (15) can be
written
g
(1)
1 (x,Q
2) =
2
3
µ2Uβf1qqβf1NN
4π3Γ
(
αf1(0)
) Q2
Q2 + µ2U
1
xαf1 (0)
+
+
5
9
µ2Uβf ′1qqβf ′1NN
4π3Γ
(
αf ′
1
(0)
) Q2
Q2 + µ2U
1
x
αf′
1
(0)
,
g
(3)
1 (x,Q
2) =
1
3
µ2Uβa1qqβa1NN
4π3Γ
(
αa1(0)
) Q2
Q2 + µ2U
1
xαa1 (0)
. (16)
For the fit we use the available data on g1(x,Q
2) [1]
in the same kinematic region (Q2 = 1 ÷ 3 GeV2 and
x . 0.1) which has been used above in fitting F2(x,Q
2).
Unfortunately, the amount of data available from polar-
ized lepton-nucleon scattering is much smaller than that
in the unpolarized case. The number of fit parameters
therefore had to be decreased in order to get a high fit
quality. Thus we assume a degeneracy of the ’normal’
isovector f ′1 and isoscalar A1 trajectories, analogous to
the well known case of the degeneracy of ω and ρ trajec-
tories. Moreover we take their coupling to quarks to be
equal. Under these conditions the total contribution of
thef ′1 and A1 to the neutron structure function g
n
1 exactly
vanishes, as it should be in a valence SU(6)W model for
nucleon structure functions.
The resulting parameters are:
αf1(0) = 0.88± 0.14, (17)
βf1qqβf1NN = −3.04± 2.42 GeV−2,
αf ′
1
(0) = αA1(0) = 0.62± 0.13,
βf ′
1
qqβf ′
1
NN =
3
5
βA1qqβA1NN = 13.57± 9.79 GeV−2;
µU = 1.45± 0.59 GeV, (18)
which yield a common χ2 value of 31.8 for 53 data points
(22 for gp1 , 14 for g
n
1 and 17 for g
d
1). We found that
using different values of µU for the ‘anomalous’, isoscalar
and isovector components does not provide a substantial
improvement of the χ2 value.Therefore we used the same
µU for the three channels.
As before, we take that the slopes of the f ′1 and a1
exchanges to be the standard Reggeon value, i.e. 0.9
GeV−2, while for the f1 exchange we take the slope to
be zero, as established in Ref. [5]. We mention again that
the effect of the slopes on the double-spin asymmetry is
negligible.
The result of our fit to g1(x,Q
2) in the Regge region
x . 0.1, presented in Fig. 2- 4, leads to the conclusion
that our model is in good agreement with the available
data. This supports the expectation that it may describe
not only the structure functions F2 and g1, but – in the
context of SCHC – also vector meson production at small
values of −t.
IV. THE CROSS-SECTION OF VECTOR
MESON ELECTROPRODUCTION
The cross-section of vector meson electroproduction
reads (cf. Fig. 1b):
dσ
d|t| =
|M(t)|2.
64πW 2(~qcm)2
, (19)
where (~qcm)
2 =
(
W 4 + Q4 +m4p + 2W
2Q2 − 2W 2m2p +
2Q2m2p
)
/4W 2, W is the center-of-mass energy of the
virtual-photon proton system and mp is the proton mass.
It was found [7, 29, 30] that the main features of the
photoproduction reaction can be reproduced within a
simple non-relativistic model for the vector meson wave
function, where the quark and the anti-quark form the
meson only if they have equal momenta. Above Q2 ≈
3 GeV2, the quark’s off-shellness and Fermi motion in-
side the vector meson have to be taken into account [31].
At smaller Q2 these effects are not important and the
non-relativistic model is applicable. In this framework,
the Pomeron, f2 and A2 Reggeon exchange amplitudes
read [7]
MN = 4C
N
RmV βRqqβRNN
√
3mV Γe+e−
αem
u¯(p2)γαu(p1)×
× (gµνq
α − gναpµV − gµαqν)εµγενV
q2 + t−m2V
×
× 1 + exp{−iπα(t)}
sin{πα(t)}Γ(αR(t))
( s
Q2
)αR(t)−1
FVR (t) ≈
≈ 8mV βRqqβRNNQ
2
Q2 − t+m2V
√
3mV Γe+e−
αem
× (20)
× 1 + exp{−iπα(t)}
sin{πα(t)}Γ(αR(t))
( s
Q2
)αR(t)
FVR (t),
where mV is the mass of the vector meson, C
N
R = eu−ed
for the Pomeron and f2 exchanges, while C
N
a2 = eu + ed,
and Γe+e− is its leptonic width. The parameters of the
exchanges have been fixed above : βPqq = βPNN/3 = 1.6
GeV−1, βf2qq = βf2NN/3 = 4.7 GeV
−1,βa2qq = βa2NN =
4.9 GeV−1, αP (t) = 1.20 + 0.25 t, αf2(t) = 0.64 + 0.9 t.
αa2(t) = 0.36 + 0.9 t. The vector form factor of the
5Pomeron-NN vertex is [29]
FVP =
4m2p − 2.8 t
(4m2p − t)(1 − t/0.71)2
. (21)
We assume that the Pomeron and f2 Reggeon vertices
have the same form factors. An additional factor has to
be included to take into account the non-locality of these
vertices,
µ2N
µ2N +Q
2 − t , (22)
where µN = 0.8 GeV according to Eq. (4).
In a similar way one can obtain the unnatural-parity
Reggeon contribution to the vector meson production
amplitude [7].
MU = 4mV C
U
RβRqqβRNN
√
3mV Γe+e−
αem
×
× ǫµναβq
βεµγε
ν
V u¯(p2)γ5γαu(p1)
q2 + t−m2V
µ2U
Q2 + µ2U
FAR (t)×
× 1− exp{−iπαR(t)}
sin{παR(t)}Γ
(
αR(t)
)( s
Q2
)αR(t)−1 ≈
≈ 8C
′
RλγλpmV βRqqβRNNQ
2
Q2 − t+m2V
√
3mV Γe+e−
αem
× (23)
× 1− exp{−iπαR(t)}
sin{παR(t)}Γ
(
αR(t)
)( s
Q2
)αR(t) µ2U
Q2 + µ2U
FAR (t),
where λγ and λp are the helicities of the photon and
the proton, respectively, and CUR = eu − ed for the
‘anomalous’ f1 exchange and the ‘normal’ f
′
1 Reggeon,
while CUa1 = eu + ed. According to Eqs. (17)-(18),
the central values of the parameters of the exchanges
are: αf1(t) = αf1(0) = 0.88, βf1qqβf1NN = −3.04
GeV−2, αf ′
1
(t) = αa1(t) = 0.622 + 0.9 t, βf ′1qqβf ′1NN =
3
5βA1qqβA1NN = 13.57 GeV
−2, µU = 1.45 GeV.
The axial vector form factor in the Reggeon-nucleon
vertex is given by [32]
FAR (t) =
1
(1− t/1.17)2 . (24)
Only the transverse cross-section of ρ0 meson electro-
production is necessary to calculate double-spin asym-
metries. As can be seen from Fig. 5, the model de-
scribed above is in fair agreement with experimental
data [33, 34].
It is, however, necessary to verify whether the assump-
tion of s-channel helicity conservation is valid for the
description of ρ0 electroproduction at HERMES. Oth-
erwise, a large contribution from the spin-flip amplitude
could exist which does not enter the matrix elements re-
lated to the structure functions and an important ingre-
dient in the reaction mechanism could be lost. Experi-
mentally [26] it was measured that the violation of SCHC
is less than 10% .
V. THE DOUBLE-SPIN ASYMMETRY IN ρ0
MESON ELECTROPRODUCTION
Recently, HERMES has published data on a sizeable
double-spin asymmetry in ρ0 meson electroproduction on
the proton [35]. It is not be expected that perturba-
tive QCD calculations can explain this result, because
for ρ0 production at HERMES energy there is no hard
scale available. In general, pQCD calculations based
on two gluon-exchange in the t-channel predict a very
small asymmetry at t=0 [36, 37]. The phenomenological
Regge approach used here takes effectively into account
non-perturbative effects of QCD which are important at
HERMES energies.
The longitudinal double-spin asymmetry AV1 for the
interaction of transverse photons with a longitudinally
polarized nucleon is defined as:
AV1 (t) ≡
σ
1/2
T − σ3/2T
σ
1/2
T + σ
3/2
T
=
|M1/2T (t)|2 − |M3/2T (t)|2
|M1/2T (t)|2 + |M3/2T (t)|2
. (25)
Here M
1/2
T and M
3/2
T denote the transverse virtual pho-
ton scattering amplitudes where the superscript describes
the projection of the total spin of the photon-nucleon sys-
tem to the direction of the photon momentum. The am-
plitudes M
1/2,3/2
T contain spin-independent parts made
up by exchanges with natural parity (M
1/2,3/2
N ) and spin-
dependent parts made up by exchanges with unnatural
parity (M
1/2,3/2
U ). Between them the following relations
hold
M
1/2
N (t) = M
3/2
N (t), M
1/2
U (t) = −M3/2U (t). (26)
Then
AV1 (t) = 2
Re{M1/2N (t)}Re{M1/2U (t)}
|M1/2N (t)|2 + |M1/2U (t)|2
+
+ 2
Im{M1/2N (t)}Im{M1/2U (t)}
|M1/2N (t)|2 + |M1/2U (t)|2
. (27)
At this point this asymmetry can be analyzed qualita-
tively. Both types of amplitudes contain real and imag-
inary parts. The sign of the imaginary part can be de-
termined using the optical theorem, the sign of the real
part follows from the Regge formula given in Eq. (1). The
optical theorem reads
σtot =
1
s
Im{M(s, 0)}. (28)
Since the total cross-section of photon-nucleon scat-
tering is positive, the imaginary parts of the forward
photon-nucleon scattering amplitude for Pomeron and
f2 Reggeon exchanges are positive. It then follows from
Eq. (1) that their real parts are negative. In the same way
we deduce that the difference of imaginary parts of the
photon-nucleon elastic scattering amplitude with anti-
parallel and parallel spins ∆MU = M
1/2
U −M3/2U = 2M1/2U
6is positive if the contribution of the corresponding ex-
change to the structure function g1(x,Q
2) ∼ σ1/2 − σ3/2
is positive. The real part of ∆MU in this case is also pos-
itive. If the contribution to the spin structure function
g1(x,Q
2) is negative, the imaginary and real parts of the
difference ∆MU are negative.
It is worthwhile to note that a direct estimate of the
vector meson production asymmetry based on the rela-
tion AV1 ≈ 2ADIS1 [38], even in the context of SCHC,
does inherently not include the real part of the vector
meson production amplitude as the DIS data on g1 and
F2 are connected only to the imaginary part. For a full
description, however, a way must be found to construct
the real part which, in this paper, was chosen to be the
Regge approach described above.
For the ‘anomalous’ f1 exchange, the real part is much
larger than the imaginary part and therefore this ex-
change should give a positive contribution to the asym-
metry. For f ′1 and a1 exchanges, real and imaginary parts
of the amplitudes contribute with different signs to the
asymmetry. For scattering on the proton, their real parts
give a negative asymmetry, and the imaginary parts give
a positive one. This is also the case for f ′1 exchange when
scattering on the neutron and on the deuteron. For a1
exchange in the case of scattering on the neutron, the
real part of the amplitude leads to a positive double-spin
asymmetry and the imaginary part leads to a negative
one. Altogether, this discussion applies only to the re-
gion of small |t| where the corresponding amplitudes do
not change sign (α = 0). Since the elastic cross-section
originates mainly from the small |t| region, we expect this
qualitative analysis to be valid.
The calculated predictions for double-spin asymme-
tries are shown in Figs. 6-13. Shaded areas were chosen
to illustrate the range in the predictions obtained when
different values for the ‘anomalous’ f1 intercept are used.
The upper limit of this range, 0.74 − 0.93 (cf. Eq. 17),
is determined by the restriction that it is necessary to
reproduce the transverse cross section shown in Fig. 5.
Intercept values very close to unity are excluded, because
otherwise the propagator in Eq. (1) would yield a too
large contribution for αf1 → 1.
From the figures it is evident that the contributions of
the secondary f ′1 and a1 Reggeons to the asymmetry are
not small. At HERMES energies, they are of about the
same size as the contribution of the ‘anomalous’ f1 ex-
change which we considered previously [7] within another
approach.
More information about the flavor composition of the
asymmetry can be obtained when considering the case
of the deuteron and the neutron. For the deuteron the
isovector exchange contribution to AV1 vanishes, and for
the neutron it comes with the opposite sign and partly
cancels the regular isoscalar part. By this reason the
‘anomalous’ part can be observed best when studying
data on the neutron.
The dependencies of the double-spin asymmetry A1V
on various kinematic variables are displayed in these fig-
ures for proton and deuteron. The Regge-based pre-
dictions were calculated for the HERMES kinematics
, 〈W 〉=4.9 GeV, 〈Q2〉=1.7 GeV2, 〈x〉=0.07, and com-
pared to measurements of ρ0 electroproduction at HER-
MES [35, 39, 40] on proton and deuteron. Although
qualitative agreement can be seen only in the case of the
proton, it is evident that experimental data with consid-
erably improved precision are required.
VI. CONCLUSIONS
In summary, the nucleon structure functions F2(x,Q
2)
and g1(x,Q
2) were analyzed in the framework of a Regge
approach. From the data on deep inelastic scattering on
the proton, neutron and deuteron we derived the param-
eters of Reggeons with natural and unnatural parities
in the region Q2=1÷3 GeV2. Using this parameteriza-
tion and a non-relativistic model of ρ0 meson formation
which provides a fair description of the cross-section, we
calculated the double-spin asymmetry of ρ0 meson elec-
troproduction at HERMES energies.
In this study we have used a unified approach to both
DIS spin-dependent structure functions and vector me-
son electroproduction, in the context of s-channel helicity
conservation. In this approach the obtained large value
of the double-spin asymmetry in ρ0 meson production
is correlated with the anomalous behavior of the flavor-
singlet part of the structure function g1(x,Q
2) at small
x. In the case that future measurements will not con-
firm such a large asymmetry, for a Regge-type analysis
it would have to be concluded that the ‘anomalous’ f1
exchange is not a simple Regge pole but has a more com-
plicated structure, e.g. a Regge cut.
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FIG. 1: S- channel helicity conservation implies that the same exchanges describe the structure functions (F2 and g1) of inclusive
deep inelastic lepton scattering [panel a)] and of vector meson production processes at high energy [panel b)].
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FIG. 2: The result of the fit of the proton structure func-
tion g1(x,Q
2) in the Regge region (x <0.1) and at Q2 =
1 - 3 GeV2 in comparison with the data [1].
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FIG. 3: The result of the fit of the neutron structure
function g1(x,Q
2) in the Regge region (x <0.1) and at
Q2 = 1 - 3 GeV2 in comparison with the data [1].
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FIG. 4: The result of the fit of the deuteron structure
function g1(x,Q
2) in the Regge region (x <0.1) and at
Q2 = 1 - 3 GeV2 in comparison with the data [1].
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FIG. 5: The cross-section of ρ0 electroproduction by
transverse photons is shown. The data points have been
obtained from the published total and longitudinal cross-
sections measured at HERMES [33] and E665 [34]. The
solid, dashed and dotted lines represent the model calcu-
lations at the given Q2 values.
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FIG. 6: The Eγ∗ -dependence of the double-spin asymme-
try Aρ
1
on the proton compared to data calculated from
results of HERMES [35]. The shaded area corresponds to
the interval of allowed values 0.72÷0.93 for the anomalous
f1 intercept (see section V).
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FIG. 7: The Eγ∗ -dependence of the double-spin asymme-
try Aρ
1
on the deuteron is shown. The notations are the
same as in Fig. 6.
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FIG. 8: The Q2-dependence of the double-spin asymme-
try Aρ
1
on the proton, compared to results of HERMES
[35]. The notations are the same as in Fig. 6.
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on the deuteron is shown. The notations are the
same as in Fig. 6.
-0.2
0
0.2
0.4
0.6
0.8
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
A 1
ρ
-t, GeV2
HERMES
total
f1 
f1’
a1
FIG. 10: The −t-dependence of the double-spin asymme-
try Aρ
1
on the proton, compared to results of HERMES
[35]. The notations are the same as in Fig. 6.
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FIG. 11: The −t-dependence of the double-spin asym-
metry Aρ
1
on the deuteron, compared to preliminary
results of HERMES [40]. The notations are the same
as in Fig. 6.
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The notations are the same as in Fig. 6.
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The proton, neutron and deuteron struture funtions F
2
(x;Q
2
) and g
1
(x;Q
2
), measured at inter-
mediate Q
2
, are analyzed within a Regge approah. This analysis serves to x the parameters of this
sheme whih are then used to alulate, in a unied Regge approah, the properties of 
0
meson
eletroprodution on the proton and the deuteron. In this way, the double-spin asymmetry observed
at HERMES in 
0
eletroprodution on the proton, an be related to the anomalous behavior of
the avor-singlet part of the spin-dependent struture funtion g
1
(x;Q
2
) at small x.
PACS numbers: 12.40.Nn, 13.60.Le, 13.75.Cs, 13.88.+e
I. INTRODUCTION
Understanding the spin struture of the nuleon is to-
day one of the main problems in hadron physis. Polar-
ized beams have allowed signiant progress in the mea-
surement of the nuleon spin-dependent struture fun-
tions in the Deep Inelasti Sattering (DIS) regime. A
result of some of these measurements [1℄ is that, at small
values of Bjrken x, the neutron spin-dependent stru-
ture funtion g
n
1
(x;Q
2
), whih aording to the SU(6)
W
model is dominated by the avor singlet quark sea part,
exhibits an anomalous behavior. More preisely, at
x ! 0, g
n
1
(x;Q
2
)  1=x, while the expeted behavior
should be 1=x

a
1
, where a
1
is a onventional Regge tra-
jetory with appropriate quantum numbers and interept

a
1
=  0:5  0:5. Experimental data are thus well de-
sribed in terms of a leading trajetory with an interept
lose to 1, a value reminisent of the Pomeron. In fat,
this type of behavior at small x was predited by lead-
ing order perturbative QCD alulations [2℄. However,
sine next-to-leading order orretions to the perturba-
tive BFKL Pomeron [3℄ are large [4℄, it is not lear to
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whih extent the perturbative desription is valid.
In Ref. [5℄, the observed anomalous behavior of
g
n
1
(x;Q
2
), was assumed to signal the existene of a avor-
singlet exhange with large interept and negative sig-
nature, whih was then used to explain the experimen-
tal data on dirative hadroni reations: vetor me-
son photoprodution at
p
s  100 GeV, jtj=110 GeV
2
and proton-proton elasti sattering at
p
s=20 60 GeV,
jtj=210 GeV
2
[5, 6℄. This exhange gives sizeable on-
tributions to the dierential ross-setions at large en-
ergy due to the large value of its interept. We alled it
f
1
sine its quantum numbers oinide with those of the
axial vetor f
1
(1285) meson (P=C=+1, negative signa-
ture). The mehanism leading to this exhange in QCD
is not known. The relation of the Pomeron with the sale
anomaly, led us to onjeture a relation between the f
1
and the gluoni axial anomaly, sine the f
1
strongly mixes
with gluoni degrees of freedom [5℄.
In order to investigate this unnatural-parity exhange
the best observables are spin-dependent ross-setions.
For example, we already have shown that the f
1
ex-
hange leads to large double-spin asymmetries in dierent
dirative reations [5, 7, 8℄.
For s-hannel heliity onserving (SCHC) reations it
seems reasonable, in the ontext of the VMD model, to
establish a relation between the matrix elements desrib-
ing the struture funtions and vetor meson eletropro-
dution at low  t, as indiated in Fig. 1. This relation
arises naturally in the ontext of the Regge approah [9℄,
where the imaginary part of the forward Compton sat-
tering amplitude, relevant to desribe DIS struture fun-
tions, and the total amplitude for vetor meson produ-
tion at  t! 0 are onneted.
2The Regge model is a well known approah to desribe
dirative reations with small momentum transfer and
high energy, a kinemati region where non-perturbative
QCD eets are important. For this reason the investi-
gation of diration and struture funtions at low x are
important items inluded into the experimental programs
of the urrent and future aelerators: HERA, TEVA-
TRON, RHIC, LHC, et. These studies are expeted to
onsiderably enlarge the insight into the nature of strong
interations between quarks at large distanes [10℄. Sev-
eral senarios for the diret relation between the omplex
struture of the QCD vauum and Regge behavior have
been suggested [11{13℄.
The eetive propagator for the spin-nonip amplitude
for sattering of two partiles with momenta p
1
and p
2
has the following form in Regge theory:
D
R
(s; t) =  
1
sin
 

R
(t)

 
 

R
(t)


s
s
0


R
(t) 1


h
1 + 
R
os
 

R
(t)

  {  
R
sin
 

R
(t)

i
; (1)
where s = (p
1
+ p
2
)
2
, t = (p
1
  p
2
)
2
, s
0
is
max(p
2
1
; p
2
2
; p
02
1
; p
02
2
), 
R
(t) desribes the Regge trajetory
of the partiles exhanged in the t hannel and 
R
their
signature, related to the spin J by  = ( 1)
J
. The  
funtion in the denominator provides the orret ana-
lyti behavior of the amplitude [14℄. In many ases, a
simpler formula an be used [15℄, but we prefer the orig-
inal form in order to keep a preise relation between the
real and the imaginary parts of the amplitude. This rela-
tion will be used below to establish a onnetion between
the properties of the DIS struture funtions and those
of vetor meson eletroprodution o the nuleon as sug-
gested above.
Reggeons, with signature and spae parities of the
same sign,  = P (natural parity), have an amplitude
whih does not depend on the heliities of the olliding
partiles. Their exhange gives the dominant ontribu-
tions to the spin-independent nuleon struture funtions
and to the total ross-setions. Exhanges with unnat-
ural parity,  =  P , have an amplitude whih is pro-
portional to the produt of the partile heliities. Thus,
only Reggeons with unnatural parities an ontribute to
the spin-dependent struture funtion g
1
(x;Q
2
). Fur-
thermore, a longitudinal double-spin asymmetry in two-
partile sattering only arises when an unnatural-parity-
exhange ontribution to the sattering amplitude exists.
The main goal of this paper is an analysis of the deep-
inelasti struture funtions F
2
(x;Q
2
) and g
1
(x;Q
2
)
in the framework of the Regge model; the extrated
Reggeon parameters will be used to alulate the elas-
ti ross-setion, and nally the double-spin asymmetry,
of 
0
eletroprodution for intermediate values of Q
2
.
The Regge sheme will be dened by the exhange of
trajetories with very large interepts (Pomeron and the
`anomalous' omponent of f
1
) and of seondary Regge
trajetories, namely f
2
, a
2
, the `normal' omponent of
f
1
(whih will be alled f
0
1
) and a
1
. Espeially the on-
tributions of seondary Reggeons are onsidered to be of
importane at HERMES energies,
p
s = 7 GeV.
II. THE STRUCTURE FUNCTION F
2
(x;Q
2
) IN A
REGGE APPROACH AT INTERMEDIATE
VALUES OF Q
2
The parameters of the natural-parity Reggeons in
soft interations (Q
2
< 1 GeV
2
) are quite well known.
They an be obtained from ts to the total hadroni
ross-setions [16℄. In partiular, the parameters of the
Pomeron, f
2
and a
2
Reggeon trajetories whih are rel-
evant for our alulation, are given by the Partile Data
Group [17℄:

P
(t) = 1:093+ 0:25 t; 
Pqq
= 
PNN
=3 = 1:6 GeV
 1
;

f
2
(t) = 0:358+ 0:9 t; 
f
2
qq
= 
f
2
NN
=3 = 4:7 GeV
 1
;

a
2
(t) = 0:545+ 0:9 t; 
a
2
qq
= 
a
2
NN
= 4:9 GeV
 1
;(2)
where 
RNN
and 
Rqq
are the oupling onstants for the
Reggeon-nuleon and Reggeon-quark ouplings, respe-
tively. The eetive Lorentz struture of the oupling
of these Reggeons to nuleons and quarks is assumed to
be 

[18℄. The values of the slopes of the trajetories,
whih annot be obtained from a t to the total hadroni
ross-setions, are taken from Ref. [9℄. The relation be-
tween the ouplings to quarks and nuleons is obtained
from the naive onstituent quark model. A lear sep-
aration of the seondary Reggeons and the Pomeron is
possible beause the energy dependenies of their ampli-
tudes desribed by the interepts (0), 
tot
R
 s

R
(0) 1
are very dierent. Speially, the Pomeron ontribution
to the total hadroni ross-setion rises as s
0:093
, while,
for example, the f
2
ontribution falls as s
 0:642
.
For large virtualities of the sattering partiles, the
eetive interepts of the Pomeron and the Reggeons
hange [19℄. In partiular, it was measured by the H1
and ZEUS Collaborations at HERA [20, 21℄ that the ef-
fetive Pomeron interept, extrated from the analysis of
the F
2
(x;Q
2
) struture funtion, ranges from about 1:1
at Q
2
 0 to about 1:4 at Q
2
> 10
2
GeV
2
. Therefore,
to make preditions for HERMES (< Q
2
>=1.7 GeV
2
),
knowledge of the Pomeron and Reggeons interepts at
Q
2
values of a few GeV
2
is required.
The Regge formulae [22℄ for the proton and deuteron
struture funtions used are
F
p
2
(x;Q
2
) =
Q
2
Q
2
+ 
2
N



A
P
x

P
(0) 1
+
A
f
2
x

f
2
(0) 1
+
A
a
2
x

a
2
(0) 1

;
F
d
2
(x;Q
2
) =
Q
2
Q
2
+ 
2
N

A
P
x

P
(0) 1
+
A
f
2
x

f
2
(0) 1

: (3)
The various struture funtions appearing in these equa-
tions represent the SU(3)
f
avor singlet (the Pomeron),
3the SU(2)
f
isosalar (f
2
) and the isovetor (a
2
) ex-
hanges. The parameter 
N
eetively aounts for the
saling violation at small Q
2
for the natural parity ex-
hanges. Using Eq. (3) we made a t (not shown) to the
reent F
2
data [23℄ at Q
2
= 1  3 GeV
2
and x . 0:1
(Regge region). The extrated parameters of Pomeron,
f
2
and a
2
Reggeons are
A
P
= 0:15 0:02; 
P
(0) = 1:20 0:01;
A
f
2
= 0:46 0:05; 
f
2
(0) = 0:61 0:07;
A
a
2
= 0:12 0:11; 
a
2
(0) = 0:36 0:28;

N
= 0:80 0:02 GeV: (4)
This t provides a value of 
2
= 191:2 for 164 data points
(
2
=ndof=1.17). It is evident that already in the semi-
hard region (Q
2
-values of a few GeV
2
) modied Regge
interepts have to be used. The slopes an be assumed
to remain unhanged as they seem to vary quite slowly in
this Q
2
region [26℄. Moreover, they have no strong eet
on the double-spin asymmetry.
III. THE SPIN-DEPENDENT STRUCTURE
FUNCTION g
1
(x;Q
2
) IN A REGGE APPROACH.
Parameters for unnatural-parity Reggeons have been
extrated earlier using Regge-type phenomenologial ts
to the spin-dependent struture funtion g
1
(x;Q
2
) [24,
25℄. In our approah not only eetive interepts of
Regge exhanges are determined, but also their ouplings
with nuleons and quarks. These ouplings are a nees-
sary input to the alulation of the double-spin asymme-
try in vetor meson eletroprodution (see below). We
use the relation between g
1
(x;Q
2
) and the imaginary part
of the spin-dependent forward Compton sattering am-
plitude. By diret alulation (Fig. 1a) the ontribution
of the unnatural-parity-Reggeon exhanges to this am-
plitude is obtained as:
T

(q; p; S) = 
Rqq

RNN
C
R
u(p; S)


5
u(p; S)
R

1  expf i
R
(0)g
sinf
R
(0)g 
 

R
(0)


2p  q
s
0


R
(0) 1
; (5)
where we assume that all exhanges f
1
, f
0
1
and a
1
have a



5
Lorenz struture for both the quark and the nuleon
verties. The nuleon spin is denoted by S, and s
0
 Q
2
is the harateristi sale in the proess.
The fator C
R
is given by e
2
u
+ e
2
d
+ e
2
s
for the SU(3)
f
singlet `anomalous' exhange (f
1
), by e
2
u
+ e
2
d
for the
SU(2)
f
singlet 'normal' exhange (f
0
1
) and by e
2
u
  e
2
d
for the SU(2)
f
triplet a
1
; R

is given by Ref. [27℄
R

=  2
Z
d
4
k
(2)
4
1
(k
2
 m
2
q
)((k   q)
2
 m
2
q
)
2
 (6)
Tr

(m
q
+
^
k + ^q)

(m
q
+
^
k)

(m
q
+
^
k + ^q)


5

;
where m
q
is the mass of the quark in the quark loop in
Fig. 1.
Using the relation u(p; S)


5
u(p; S) = 2mS

, and the
formula
R

=
1
2
2
q



; (7)
for  q
2
>> m
2
q
[28℄ we have
T

(q; p; S) =
m

2
C
R

Rqq

RNN
S

q



 (8)

1  expf i
R
(0)g
sinf
R
(0)g 
 

R
(0)


2p  q
Q
2


R
(0) 1
:
This expression is ompared to the general form
T

(spin)
= {

q

S

m
pq
T
3
+ (9)
+ {

q

(S

(p  q)  p

(S  q))
m
(p  q)
2
T
4
;
where the DIS struture funtions g
1
and g
2
are related
to the amplitudes T
3
, T
4
by
g
1
(q; ) =  
Im(T
3
)
2
; g
2
(q; ) =  
Im(T
4
)
2
; (10)
and where  = p  q.
By assuming that the struture funtion g
2
is small,
we obtain
g
1
(q; ) =
C
R

Rqq

RNN
2
3
 
 

R
(0)



Q
2


R
(0) 1

(11)
Using x = Q
2
=2 we have
g
1
(x;Q
2
) =
C
R

Rqq

RNN
4
3
 
 

R
(0)

Q
2
x

R
(0)
: (12)
This form does not yet provide the orret saling be-
havior for the struture funtion at Q
2
! 1 sine the
non-loality of the Reggeon-quark vertex in Fig. 1a was
not taken into aount. Phenomenologially, this an be
aomplished by introduing a form fator (as has been
done in the Pomeron ase [29℄):
F (Q
2
) =

2
U
Q
2
+ 
2
U
; (13)
where 
U
is the eetive parameter desribing the saling
violation at low Q
2
for the unnatural-parity Reggeons.
Then the ontribution of a Reggeon to the g
1
(x;Q
2
)
struture funtion reads
g
1
(x;Q
2
) =

2
U
C
R

Rqq

RNN
4
3
 
 

R
(0)

Q
2
Q
2
+ 
2
U
1
x

R
(0)
(14)
whih provides the orret saling behavior of the stru-
ture funtion at large Q
2
.
The parameters of the Reggeons with unnatural parity
an be found from a t to the available data on polarized
DIS. Sine data exist for proton, neutron and deuteron
4targets, this allows the separation of the isosalar and
isovetor parts of the respetive struture funtions
g
p
1
(x;Q
2
) = g
(1)
1
(x;Q
2
) + g
(3)
1
(x;Q
2
);
g
n
1
(x;Q
2
) = g
(1)
1
(x;Q
2
)  g
(3)
1
(x;Q
2
);
g
d
1
(x;Q
2
) = g
(1)
1
(x;Q
2
); (15)
where g
(1)
1
(x;Q
2
) and g
(3)
1
(x;Q
2
) are the isosalar and
isovetor omponents, respetively.
It was pointed out [24℄ that the isosalar part ontains
two omponents: `normal' and `anomalous'. The `nor-
mal' omponent has an interept of (0)  0:5 while the
`anomalous' has a large interept, (0) lose to 1. Us-
ing Eq. (14), the struture funtions in Eq. (15) an be
written
g
(1)
1
(x;Q
2
) =
2
3

2
U

f
1
qq

f
1
NN
4
3
 
 

f
1
(0)

Q
2
Q
2
+ 
2
U
1
x

f
1
(0)
+
+
5
9

2
U

f
0
1
qq

f
0
1
NN
4
3
 
 

f
0
1
(0)

Q
2
Q
2
+ 
2
U
1
x

f
0
1
(0)
;
g
(3)
1
(x;Q
2
) =
1
3

2
U

a
1
qq

a
1
NN
4
3
 
 

a
1
(0)

Q
2
Q
2
+ 
2
U
1
x

a
1
(0)
: (16)
For the t we use the available data on g
1
(x;Q
2
) [1℄
in the same kinemati region (Q
2
= 1  3 GeV
2
and
x . 0:1) whih has been used above in tting F
2
(x;Q
2
).
Unfortunately, the amount of data available from polar-
ized lepton-nuleon sattering is muh smaller than that
in the unpolarized ase. The number of t parameters
therefore had to be dereased in order to get a high t
quality. Thus we assume a degeneray of the 'normal'
isovetor f
0
1
and isosalar A
1
trajetories, analogous to
the well known ase of the degeneray of ! and  traje-
tories. Moreover we take their oupling to quarks to be
equal. Under these onditions the total ontribution of
thef
0
1
and A
1
to the neutron struture funtion g
n
1
exatly
vanishes, as it should be in a valene SU(6)
W
model for
nuleon struture funtions.
The resulting parameters are:

f
1
(0) = 0:88 0:14; (17)

f
1
qq

f
1
NN
=  3:04 2:42 GeV
 2
;

f
0
1
(0) = 
A
1
(0) = 0:62 0:13;

f
0
1
qq

f
0
1
NN
=
3
5

A
1
qq

A
1
NN
= 13:57 9:79 GeV
 2
;

U
= 1:45 0:59 GeV; (18)
whih yield a ommon 
2
value of 31.8 for 53 data points
(22 for g
p
1
, 14 for g
n
1
and 17 for g
d
1
). We found that
using dierent values of 
U
for the `anomalous', isosalar
and isovetor omponents does not provide a substantial
improvement of the 
2
value.Therefore we used the same

U
for the three hannels.
As before, we take that the slopes of the f
0
1
and a
1
exhanges to be the standard Reggeon value, i.e. 0.9
GeV
 2
, while for the f
1
exhange we take the slope to
be zero, as established in Ref. [5℄. We mention again that
the eet of the slopes on the double-spin asymmetry is
negligible.
The result of our t to g
1
(x;Q
2
) in the Regge region
x . 0:1, presented in Fig. 2- 4, leads to the onlusion
that our model is in good agreement with the available
data. This supports the expetation that it may desribe
not only the struture funtions F
2
and g
1
, but { in the
ontext of SCHC { also vetor meson prodution at small
values of  t.
IV. THE CROSS-SECTION OF VECTOR
MESON ELECTROPRODUCTION
The ross-setion of vetor meson eletroprodution
reads (f. Fig. 1b):
d
djtj
=
jM(t)j
2
:
64W
2
(~q
m
)
2
; (19)
where (~q
m
)
2
=
 
W
4
+ Q
4
+m
4
p
+ 2W
2
Q
2
  2W
2
m
2
p
+
2Q
2
m
2
p

=4W
2
, W is the enter-of-mass energy of the
virtual-photon proton system and m
p
is the proton mass.
It was found [7, 29, 30℄ that the main features of the
photoprodution reation an be reprodued within a
simple non-relativisti model for the vetor meson wave
funtion, where the quark and the anti-quark form the
meson only if they have equal momenta. Above Q
2

3 GeV
2
, the quark's o-shellness and Fermi motion in-
side the vetor meson have to be taken into aount [31℄.
At smaller Q
2
these eets are not important and the
non-relativisti model is appliable. In this framework,
the Pomeron, f
2
and A
2
Reggeon exhange amplitudes
read [7℄
M
N
= 4C
N
R
m
V

Rqq

RNN
r
3m
V
 
e
+
e
 

em
u(p
2
)

u(p
1
)

(g

q

  g

p

V
  g

q

)"


"

V
q
2
+ t m
2
V


1 + expf i(t)g
sinf(t)g 
 

R
(t)


s
Q
2


R
(t) 1
F
V
R
(t) 

8m
V

Rqq

RNN
Q
2
Q
2
  t+m
2
V
r
3m
V
 
e
+
e
 

em
 (20)

1 + expf i(t)g
sinf(t)g 
 

R
(t)


s
Q
2


R
(t)
F
V
R
(t);
where m
V
is the mass of the vetor meson, C
N
R
= e
u
 e
d
for the Pomeron and f
2
exhanges, while C
N
a
2
= e
u
+ e
d
,
and  
e
+
e
 
is its leptoni width. The parameters of the
exhanges have been xed above : 
Pqq
= 
PNN
=3 = 1:6
GeV
 1
, 
f
2
qq
= 
f
2
NN
=3 = 4:7 GeV
 1
,
a
2
qq
= 
a
2
NN
=
4:9 GeV
 1
, 
P
(t) = 1:20 + 0:25 t, 
f
2
(t) = 0:64 + 0:9 t.

a
2
(t) = 0:36 + 0:9 t. The vetor form fator of the
5Pomeron-NN vertex is [29℄
F
V
P
=
4m
2
p
  2:8 t
(4m
2
p
  t)(1  t=0:71)
2
: (21)
We assume that the Pomeron and f
2
Reggeon verties
have the same form fators. An additional fator has to
be inluded to take into aount the non-loality of these
verties,

2
N

2
N
+Q
2
  t
; (22)
where 
N
= 0.8 GeV aording to Eq. (4).
In a similar way one an obtain the unnatural-parity
Reggeon ontribution to the vetor meson prodution
amplitude [7℄.
M
U
= 4m
V
C
U
R

Rqq

RNN
r
3m
V
 
e
+
e
 

em




q

"


"

V
u(p
2
)
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u(p
1
)
q
2
+ t m
2
V

2
U
Q
2
+ 
2
U
F
A
R
(t)

1  expf i
R
(t)g
sinf
R
(t)g 
 

R
(t)


s
Q
2


R
(t) 1


8C
0
R



p
m
V

Rqq

RNN
Q
2
Q
2
  t+m
2
V
r
3m
V
 
e
+
e
 

em
 (23)

1  expf i
R
(t)g
sinf
R
(t)g 
 

R
(t)


s
Q
2


R
(t)

2
U
Q
2
+ 
2
U
F
A
R
(t);
where 

and 
p
are the heliities of the photon and
the proton, respetively, and C
U
R
= e
u
  e
d
for the
`anomalous' f
1
exhange and the `normal' f
0
1
Reggeon,
while C
U
a
1
= e
u
+ e
d
. Aording to Eqs. (17)-(18),
the entral values of the parameters of the exhanges
are: 
f
1
(t) = 
f
1
(0) = 0:88, 
f
1
qq

f
1
NN
=  3:04
GeV
 2
, 
f
0
1
(t) = 
a
1
(t) = 0:622 + 0:9 t, 
f
0
1
qq

f
0
1
NN
=
3
5

A
1
qq

A
1
NN
= 13:57 GeV
 2
, 
U
= 1:45 GeV.
The axial vetor form fator in the Reggeon-nuleon
vertex is given by [32℄
F
A
R
(t) =
1
(1  t=1:17)
2
: (24)
Only the transverse ross-setion of 
0
meson eletro-
prodution is neessary to alulate double-spin asym-
metries. As an be seen from Fig. 5, the model de-
sribed above is in fair agreement with experimental
data [33, 34℄.
It is, however, neessary to verify whether the assump-
tion of s-hannel heliity onservation is valid for the
desription of 
0
eletroprodution at HERMES. Oth-
erwise, a large ontribution from the spin-ip amplitude
ould exist whih does not enter the matrix elements re-
lated to the struture funtions and an important ingre-
dient in the reation mehanism ould be lost. Experi-
mentally [26℄ it was measured that the violation of SCHC
is less than 10% .
V. THE DOUBLE-SPIN ASYMMETRY IN 
0
MESON ELECTROPRODUCTION
Reently, HERMES has published data on a sizeable
double-spin asymmetry in 
0
meson eletroprodution on
the proton [35℄. It is not be expeted that perturba-
tive QCD alulations an explain this result, beause
for 
0
prodution at HERMES energy there is no hard
sale available. In general, pQCD alulations based
on two gluon-exhange in the t-hannel predit a very
small asymmetry at t=0 [36, 37℄. The phenomenologial
Regge approah used here takes eetively into aount
non-perturbative eets of QCD whih are important at
HERMES energies.
The longitudinal double-spin asymmetry A
V
1
for the
interation of transverse photons with a longitudinally
polarized nuleon is dened as:
A
V
1
(t) 

1=2
T
  
3=2
T

1=2
T
+ 
3=2
T
=
jM
1=2
T
(t)j
2
  jM
3=2
T
(t)j
2
jM
1=2
T
(t)j
2
+ jM
3=2
T
(t)j
2
: (25)
Here M
1=2
T
and M
3=2
T
denote the transverse virtual pho-
ton sattering amplitudes where the supersript desribes
the projetion of the total spin of the photon-nuleon sys-
tem to the diretion of the photon momentum. The am-
plitudes M
1=2;3=2
T
ontain spin-independent parts made
up by exhanges with natural parity (M
1=2;3=2
N
) and spin-
dependent parts made up by exhanges with unnatural
parity (M
1=2;3=2
U
). Between them the following relations
hold
M
1=2
N
(t) =M
3=2
N
(t); M
1=2
U
(t) =  M
3=2
U
(t): (26)
Then
A
V
1
(t) = 2
RefM
1=2
N
(t)gRefM
1=2
U
(t)g
jM
1=2
N
(t)j
2
+ jM
1=2
U
(t)j
2
+
+ 2
ImfM
1=2
N
(t)gImfM
1=2
U
(t)g
jM
1=2
N
(t)j
2
+ jM
1=2
U
(t)j
2
: (27)
At this point this asymmetry an be analyzed qualita-
tively. Both types of amplitudes ontain real and imag-
inary parts. The sign of the imaginary part an be de-
termined using the optial theorem, the sign of the real
part follows from the Regge formula given in Eq. (1). The
optial theorem reads

tot
=
1
s
ImfM(s; 0)g: (28)
Sine the total ross-setion of photon-nuleon sat-
tering is positive, the imaginary parts of the forward
photon-nuleon sattering amplitude for Pomeron and
f
2
Reggeon exhanges are positive. It then follows from
Eq. (1) that their real parts are negative. In the same way
we dedue that the dierene of imaginary parts of the
photon-nuleon elasti sattering amplitude with anti-
parallel and parallel spins M
U
=M
1=2
U
 M
3=2
U
= 2M
1=2
U
6is positive if the ontribution of the orresponding ex-
hange to the struture funtion g
1
(x;Q
2
)  
1=2
  
3=2
is positive. The real part of M
U
in this ase is also pos-
itive. If the ontribution to the spin struture funtion
g
1
(x;Q
2
) is negative, the imaginary and real parts of the
dierene M
U
are negative.
It is worthwhile to note that a diret estimate of the
vetor meson prodution asymmetry based on the rela-
tion A
V
1
 2A
DIS
1
[38℄, even in the ontext of SCHC,
does inherently not inlude the real part of the vetor
meson prodution amplitude as the DIS data on g
1
and
F
2
are onneted only to the imaginary part. For a full
desription, however, a way must be found to onstrut
the real part whih, in this paper, was hosen to be the
Regge approah desribed above.
For the `anomalous' f
1
exhange, the real part is muh
larger than the imaginary part and therefore this ex-
hange should give a positive ontribution to the asym-
metry. For f
0
1
and a
1
exhanges, real and imaginary parts
of the amplitudes ontribute with dierent signs to the
asymmetry. For sattering on the proton, their real parts
give a negative asymmetry, and the imaginary parts give
a positive one. This is also the ase for f
0
1
exhange when
sattering on the neutron and on the deuteron. For a
1
exhange in the ase of sattering on the neutron, the
real part of the amplitude leads to a positive double-spin
asymmetry and the imaginary part leads to a negative
one. Altogether, this disussion applies only to the re-
gion of small jtj where the orresponding amplitudes do
not hange sign ( = 0). Sine the elasti ross-setion
originates mainly from the small jtj region, we expet this
qualitative analysis to be valid.
The alulated preditions for double-spin asymme-
tries are shown in Figs. 6-13. Shaded areas were hosen
to illustrate the range in the preditions obtained when
dierent values for the `anomalous' f
1
interept are used.
The upper limit of this range, 0:74   0:93 (f. Eq. 17),
is determined by the restrition that it is neessary to
reprodue the transverse ross setion shown in Fig. 5.
Interept values very lose to unity are exluded, beause
otherwise the propagator in Eq. (1) would yield a too
large ontribution for 
f
1
! 1.
From the gures it is evident that the ontributions of
the seondary f
0
1
and a
1
Reggeons to the asymmetry are
not small. At HERMES energies, they are of about the
same size as the ontribution of the `anomalous' f
1
ex-
hange whih we onsidered previously [7℄ within another
approah.
More information about the avor omposition of the
asymmetry an be obtained when onsidering the ase
of the deuteron and the neutron. For the deuteron the
isovetor exhange ontribution to A
V
1
vanishes, and for
the neutron it omes with the opposite sign and partly
anels the regular isosalar part. By this reason the
`anomalous' part an be observed best when studying
data on the neutron.
The dependenies of the double-spin asymmetry A
1
V
on various kinemati variables are displayed in these g-
ures for proton and deuteron. The Regge-based pre-
ditions were alulated for the HERMES kinematis
, hW i=4.9 GeV, hQ
2
i=1.7 GeV
2
, hxi=0.07, and om-
pared to measurements of 
0
eletroprodution at HER-
MES [35, 39, 40℄ on proton and deuteron. Although
qualitative agreement an be seen only in the ase of the
proton, it is evident that experimental data with onsid-
erably improved preision are required.
VI. CONCLUSIONS
In summary, the nuleon struture funtions F
2
(x;Q
2
)
and g
1
(x;Q
2
) were analyzed in the framework of a Regge
approah. From the data on deep inelasti sattering on
the proton, neutron and deuteron we derived the param-
eters of Reggeons with natural and unnatural parities
in the region Q
2
=13 GeV
2
. Using this parameteriza-
tion and a non-relativisti model of 
0
meson formation
whih provides a fair desription of the ross-setion, we
alulated the double-spin asymmetry of 
0
meson ele-
troprodution at HERMES energies.
In this study we have used a unied approah to both
DIS spin-dependent struture funtions and vetor me-
son eletroprodution, in the ontext of s-hannel heliity
onservation. In this approah the obtained large value
of the double-spin asymmetry in 
0
meson prodution
is orrelated with the anomalous behavior of the avor-
singlet part of the struture funtion g
1
(x;Q
2
) at small
x. In the ase that future measurements will not on-
rm suh a large asymmetry, for a Regge-type analysis
it would have to be onluded that the `anomalous' f
1
exhange is not a simple Regge pole but has a more om-
pliated struture, e.g. a Regge ut.
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FIG. 2: The result of the t of the proton struture fun-
tion g
1
(x;Q
2
) in the Regge region (x <0.1) and at Q
2
=
1 - 3 GeV
2
in omparison with the data [1℄.
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FIG. 3: The result of the t of the neutron struture
funtion g
1
(x;Q
2
) in the Regge region (x <0.1) and at
Q
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= 1 - 3 GeV
2
in omparison with the data [1℄.
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FIG. 4: The result of the t of the deuteron struture
funtion g
1
(x;Q
2
) in the Regge region (x <0.1) and at
Q
2
= 1 - 3 GeV
2
in omparison with the data [1℄.
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FIG. 5: The ross-setion of 
0
eletroprodution by
transverse photons is shown. The data points have been
obtained from the published total and longitudinal ross-
setions measured at HERMES [33℄ and E665 [34℄. The
solid, dashed and dotted lines represent the model alu-
lations at the given Q
2
values.
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FIG. 6: The E


-dependene of the double-spin asymme-
try A

1
on the proton ompared to data alulated from
results of HERMES [35℄. The shaded area orresponds to
the interval of allowed values 0:720:93 for the anomalous
f
1
interept (see setion V).
-0.2
0
0.2
0.4
0.6
0.8
6 10 20 30 40 50
A 1
ρ
Eγ, GeV
total
f1 
f1’
FIG. 7: The E
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-dependene of the double-spin asymme-
try A
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1
on the deuteron is shown. The notations are the
same as in Fig. 6.
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FIG. 8: The Q
2
-dependene of the double-spin asymme-
try A

1
on the proton, ompared to results of HERMES
[35℄. The notations are the same as in Fig. 6.
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-dependen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try A
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on the deuteron is shown. The notations are the
same as in Fig. 6.
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FIG. 10: The  t-dependene of the double-spin asymme-
try A

1
on the proton, ompared to results of HERMES
[35℄. The notations are the same as in Fig. 6.
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FIG. 11: The  t-dependene of the double-spin asym-
metry A
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1
on the deuteron, ompared to preliminary
results of HERMES [40℄. The notations are the same
as in Fig. 6.
10
0
0.2
0.4
0.6
0.8
1
0.04 0.06 0.08 0.1 0.12 0.14
A 1
ρ
x
HERMES
total
f1 
f1’
a1
FIG. 12: The x-dependene of the double-spin asymmetry
A
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on the proton, ompared to results of HERMES [35℄.
The notations are the same as in Fig. 6.
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e of the double-spin asymmetry
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ompared to preliminary results of
HERMES [39℄. The notations are the same as in Fig. 6.
